INTRODUCTION
Ionizing radiation interacts with cellular DNA to give a variety of lesions including damage to bases and sugar residues (1, 2) . We present evidence here for the radiation-induced formation of a borohydride-reactive product that is released from DNA on mild acid hydrolysis. Further investigation has identified the released product as 2,3-dihydroxy-2-methylpropanoic acid, derived from thymine glycol residues. With the use of tritium incorporation from NaB H. into DNA as an assay for radiation damage, we show that the extent of such damage is reduced by free-radical scavengers, known radioprotecting agents, the absence of oxygen, and is increased by paranitroacetophenone.
EXPERIMENTAL Materials
Radiochemicals were obtained from Amersham Searle. The purity and identity of 2-C, methyl-C and methyl-H thymidine were ascertained by chromatography on paper with unlabeled thymidine. U-C Deoxyribose was obtained from mild acid treatment of U-C deoxyadenosine followed by absorption of the adenine with charcoal, and purification by thin layer chromatography (TLC). NaB H^ was assayed by titration (3) and by reduction of 4-carboxybenzaldehyde with separation of labeled *-carboxybenzyl alcohol by TLC. Inorganic chemicals were reagent grade, and other chemicals were from Sigma.
MDimethylaminoethyD-l^-dihydronicotinamide was prepared in this laboratory (*»). Deionized water for all solutions was obtained with the Continental system.
DNA Solutions
Solutions were prepared that contained calf thymus DNA 2 mg/ml, 1 M N a C l , and 
RESULTS AND DISCUSSION Effect of X-Ray Dose
Formation of borohydride-reactive sites in DNA was proportional to x-ray exposure, as shown in figure 1. For comparison, the release of acid-soluble material in the same samples was determined, and was found to be similar to that previously shown to result from x-ray damage (8, 9) .
Effect of Borohydride
The effect of borohydride concentration on tritium incorporation into irradiated and unirradiated DNA is shown in figure 2 . High concentrations progressively increased the labeling in treated and untreated DNA, and for convenience 5 mM was used in all further experiments. Pretreatment of the irradiated DNA with 0.1 M NaOH for 15 min at 25° largely destroyed the borohydride reactive sites. Variation of the time between the additions of borohydride and trichloroacetic acid indicated a half-time for the tritium incorporation of about one minute. Addition of 0.1 M NaOH to the solution after borohtdride reduction caused a 30% increase in absorbance at 260 nm indicating that the DNA was not denatured during the borohydride treatment.
Effect of Additions
The effects of various substances on the tritium incorporation after x-ray treatment are summarized in Table I . Substances that decreased the effect of irradiation included the hydroxyl radical scavengers cysteamine, tryptamine, 2- 
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±6 (10) Abbreviations used: DHP, Mdimethylaminoethyl)-1, 4-dihydronicotinamide; AET, 2-aminoethylisothiouronium bromide hydrobromide; DMSO, dimethylsulfoxide; TS, D-alpha-tocopherol succinate; NAP, p-nitroacetophenone.
aminoethylisothiouronium, dimethyl su If oxide, o-tocopherol succinate, benzoate, and ascorbate. In addition, dihydropyridines such as NADH and Mdimethylaminoethyl)-1, 4-dihydronicotinamide, which had previously been shown to scavenge hydroxyl radicals in model systems (10, 11) , strongly reduced the tritium incorporation.
Although the replacement of air with oxygen did not change the effect of irradiation, equilibration of the solution with nitrogen during irradiation reduced the borohydride-reactives sites about 50%. However, the effect of the scavengers, as well as that of the radiosensitizer paranitroacetophenone that increased the tritium incorporation, was evident whether the irradiation was carried out in the presence of air or nitrogen. None of the added substances affected the tritium incorporation if added to unirradiated DNA or added to the solution after irradiation. Their effects were therefore most likely due to alterations of the interaction of DNA with free radicals produced by x-rays. The effect of the scavengers and of oxygen vs. nitrogen were qualitatively similar in this system to the known effects in vivo with much smaller doses of radiation (12, 13) . Hydrolysis of Labeled DNA The tritium labeled DNA was hydrolyzed in 6 M HC1 for 10 min to 4 hr at 120°, followed by TLC with results shown in Figure 3A . Optimal release of the major product with Rf 0.42 occurred after only 10 min of hydrolysis. The same product was formed (Fig. 3B) when reaction of DNA with Fenton's reagent (H-O2 and FeS(X) was substituted for the radiation treatment, indicating that hydroxyl radical is involved in both reactions (14, 15). Identity of Labeled Product 14 In order to determine the structure of the tritium labeled product, C labeled thymidine, deoxyadenosine, or deoxyribose were tested as models for DNA in similar experiments. Since the radiochemical yields were low, treatment with Fenton's reagent (substrate 1 mM, ^-^2 ^ m^' ^eSO^, 20 mM reaction for 5 min. at 25°) was used in place of irradiation, followed by reaction with unlabeled NaBH., and acid hydrolysis. 14 3 The C products were then chromatographed with the H hydrolysis product from DNA. By this means it was shown that the H was not derived from deoxyribose, adenine, or 2-C thymidine, but was identical with the products from methyl-C thymidine. Results of chromatography of the H and C products are summarized in Table II . Fenton's reagent had previously been shown to produce thymidine glycol (11) , which was then utilized as starting material for synthesis of the product. Thymidine glycol labeled with methyl- A. 10 15 Q-1000 i cm.
500-
B. 10 15 cm. shown by paper chromatography and TLC to be urea, and the H material was further purified by Sephadex G-10 chromatography, acidifying, drying, and extraction with methyl acetate. The material had a specific activity (dpm H/mg) indicating a molecular weight of about 100. Chemical ionization mass spectrum showed m/e (relative peak height): 121 (100), 75 (52), 137 (36), 279 (13) . High resolution mass spectrum gave m/e = 121.0509 ^0.002. The theoretical value for MH + of 2,3-dihydroxy-2-methylpropanoic acid is 121.0198. The material MH + = 75 was probably acetol. There 
Number of Fractions
Sephadex G-10 Chromatography -Methyl-H and 2-C thymidine glycol was treated with alkaline NaBH^ followed by mild acid hydrolysis as described in the text. The product in 1 ml H 2 0 was placed on an 0.8 x 100 cm Sephadex G-10 column, and eluted with water .at a rate of 13.5 ml per hr. Aliquots of the 2.7 ml fractions were counted for H and C.
were no significant peaks at 91 or 107 corresponding to MH + of methylglycerol or 2-methyl-propanediol. The methyl ester of the product was prepared by reacting the dry material with methanolic HC1 for 30 min at 70°. Mechanism
The ultimate product from the reaction of borohydride with DNA that had been irradiated or treated with Fenton's reagent was 2,3-dihydroxy-2-methylpropanoic acid. The same product was obtained from thymidine glycol, inferring that thymine glycol residues in the DNA underwent the same reactions. We suggest that under the alkaline conditions of the borohydride treatment, the thymine glycol ring opened to give an aldehyde at C-6, which after reduction to alcohol and hydrolysis, appeared as the dihydroxy acid. This opening of the pyrimidine ring at Nj -Cg had previously been postulated to occur in the isomerization of trans to cis thymine glycol (16) Cy C, and the methyl carbon of the thymine residue. The presence of the carboxyl group was also confirmed by formation of the methyl ester. Irradiation of DNA has previously been shown to result in formation of thymine glycol residues (17) (18) (19) . In particular Hariharan and Cerutti (17) reported that borohydride reduction of such residues resulted in the appearance of 2-methylglycerol or related products. The conditions of the reaction may be different in the present case since we found no mass spectral peaks corresponding to methyl glycerol or 2-methyl propylene glycol. We have also shown that pretreatment of the radiated DNA with mild alkali destroyed the borohydride-reactive sites, in keeping with the known lability to alkali of thymine glycol residues (6, 20) . and suggesting that the thymine glycol residues represent a major class of alkali-labile lesions produced by radiation.
The formation of borohydride-reactive thymine glycol represents a sensitive and simple method for measuring radiation damage to DNA. The net yield of tritium incorporation after irradiation of air-or oxygen-saturated DNA solutions at 1.8 mM in base was 195 atom/10 nucleotides/30 Krad, (Table I) giving a G value (atoms tritium per 100 eV absorbed dose) of 0.11. This yield is of the same magnitude as the formation of single strand breaks (9) or release of small fragments (21), but a direct comparison must await determination of the kinetic isotope effect for tritium incorporation.
Efforts are currently underway to determine the nature of the product formed from thymidine glycol by alkali treatment, and we are also studying the utility and significance of this reaction following irradiation in vivo.
